Background. Respiratory syncytial virus (RSV) reinfects individuals repeatedly. The extent to which this is a consequence of RSV antigenic diversity is unclear.
Respiratory syncytial virus (RSV) is recognized as a major cause of severe lower respiratory tract infection in infants, young children, and vulnerable adults [1, 2] . A key unanswered question in RSV molecular and immuno-epidemiology is the mechanism underlying RSV reinfections [3, 4] that are observed to occur repeatedly throughout the lifespan of any individual [5] [6] [7] [8] .
Rational design and implementation of an RSV vaccine, which has thus far remained elusive, will benefit from a better understanding of the role of viral diversity and variation in reinfections.
It has been previously hypothesized that the antigenic diversity observed in the RSV surface proteins, the attachment glycoprotein (G) and fusion (F) glycoprotein, plays a role in the reinfection process, but direct data to support this are lacking [3, 4, 9] . RSV isolates can be classified into 2 genetically and antigenically distinct groups (A and B) [10, 11] ; these differ most extensively in the G glycoprotein, which has 47% amino acid variations between the prototype strains [12] , whereas F has 9% [4] . Phylogenetic analysis of the Ggene nucleotide sequences has allowed the identification of a number of genotypes and lineages in the groups [13] [14] [15] [16] [17] , and this has helped with the current understanding of RSV molecular epidemiology and evolution [9] .
Both heterologous and homologous group and genotype reinfections have been observed in previous studies [18] [19] [20] . However, there is uncertainty regarding the extent to which these patterns that were observed were influenced by the infection history of the reinfected individuals rather than being a reflection of the prevailing distribution of groups and genotypes in circulation. On one hand, the regular pattern of dominance of group A or B seen in numerous time series data [21] and the infrequent reoccurrence of dominant genotypes [13, 22] suggests the build-up of strain-specific immunity in the population favoring the transmission of heterologous variants. This would support the notion that reinfection of individuals is influenced by exposure history. On the other hand, repeated RSV infection with the same genetic strain has been demonstrated in human experimental challenges, even within a 2-month interval [23] . Thus, it is so far unknown what fraction of RSV natural reinfections are a consequence of antigenic variation in the virus.
Few previous studies have focused on explaining the nature of RSV reinfection at the molecular level (i.e., characterizing the group, genotype, and amino acid sequence of the strains involved) [9, 19, 20, 24, 25] . Furthermore, these had important limitations. First, small numbers by which patterns were determined curtail statistical power. Second, identification of reinfection through hospital-based surveillance is likely to have missed mild infections (the majority) that did not warrant a hospital visit. Third, frequently, the prevalence of the reinfecting group or genotype in the overall population of circulating viruses was not investigated [19] .
The design of the present study was to closely monitor a cohort of children from birth for RSV infection until each child experienced 3 consecutive RSV epidemics, with the aim of identifying all infections and reinfections occurring in these children during their infancy and early childhood years [26, 27] . We have previously published a report on the molecular analysis of virus strains from 12 children in this cohort who were reinfected during the first year of life [28] . Here, we present results of the molecular analysis, at group, genotype, and G-gene amino acid sequence levels, of all the reinfections that we observed in the full period of follow-up and the epidemiological context in which these reinfections occurred.
METHODS

Recruitment and Follow-Up of Participants
The cohort and the population that this study involved has been described in detail elsewhere [26] [27] [28] . In brief, 635 children were recruited into a birth cohort from the Kilifi District Hospital maternity ward and the hospital's maternal child health clinic. Informed consent to participate in the study was obtained from a parent or a guardian, and both the Kenya National Ethics Review Committee and the Coventry Research Ethics Committee in UK approved the study protocol.
Recruitment was in 2 phases: from January through June 2002 (338 children) and from December 2002 through May 2003 (297 children). Follow-up was conducted through active household visits (weekly during epidemic periods, otherwise every 4 weeks) and passively through health clinic presentations until each child experienced 3 consecutive RSV epidemics during the period [2002] [2003] [2004] [2005] . Prospectively, when a child showed an acute respiratory illness (ARI) symptom, a nasal washing sample was taken and tested for the presence of RSV by an indirect immunoflourescence assay test (IFAT). ARI severity was categorized into upper respiratory tract infection, mild pneumonia, severe pneumonia, or very severe pneumonia in accordance with the modified World Health Organization criteria [26] . Infections were considered as separate episodes if a positive result was determined ≥14 days after a previous positive result [26] .
Laboratory Methods
Typing of RSV IFAT Positives Viral RNA was extracted from the samples positive by IFAT with use of the QIAmp viral RNA mini kit (Qiagen), in accordance with the manufacturer's protocol. The RNA was analyzed in a multiplex real-time reverse-transcriptase polymerase chain reaction (RT-PCR) assay that distinguished the RSVpositive samples as either group A or B, using group-specific TaqMan probes [29] . Tests with negative results were repeated to confirm the result.
G-Gene Amplification and Sequencing
Only RNAs with a positive real-time RT-PCR assay result were included in the G-gene amplification and sequencing. Reverse transcription and first round amplification were performed using QIAGEN One-Step RT-PCR kit, with the forward primer AG20 (5′-GGGGCAAATGCAAACATGTCC-3′) and the reverse primer F164 (5′-GTTATGACACTGGTATAC CAACC-3′) at 0.4 pmoles/μL. Thermocyling was 50°C for 30 minutes, 95°C for 15 minutes, and then 40 cycles of 94°C for 30 seconds, 54°C for 30 seconds, and 72°C for 1 minute. A final extension of 10 minutes at 72°C was allowed. Two microliters of the One-Step RT-PCR products were amplified under a nest PCR protocol with Qiagen TaqMan PCR kit mastermix and the primers BG10 (5′-GCAATGATAATCTCAACCTC-3′) and F1 (5′-CAACTCCATTGTTATTTGCC-3′) at the same concentration as the one-step reaction. Thermocycling was: 95°C for 2 minutes, followed by 30 cycles of 95°C for 45 seconds, 54°C for 45 seconds, and 72°C for 1 minute, followed by a final extension at 72°C for 5 minutes. Products from positive reactions (confirmed on a 2% agarose gel) were purified using the Illustra GFX DNA purification kit and sequenced using the BigDye terminator chemistry on the 3130xl ABI instrument. In addition to the 2 nest primers, group-specific primers were included to allow full sequencing coverage of the entire product length both in the forward and the reverse directions. For group A, these were G523F primer (5′-ATATG CAGCAACAATCCAAC-3′) and G523R primer (5′-GTTG GATTGTTGCTGCATAT-3′), and for group B, they were G533F primer (5′-TGTAGTATATGTGGCAACAA-3′) and G533R primer (5′-TTGTTGCCACATATACTACA-3′). Sequence contigs were assembled in Sequencher software, version 4.10.0.
Sequence Analysis
Sequences were aligned manually in the Se-al software, version 2.0 (http://tree.bio.ed.ac.uk/software/seal/), groups A and B separately, and trimmed to be of equal length. Identical sequences were identified in DAMBE [30] . Phylogenetic analyses were performed in MEGA-5 [31] using maximum likelihood methods. The appropriate model of evolution was determined in jmodeltest program [32] . Sequences representing previously identified RSV genotypes were downloaded from GenBank and included in the alignments and in the generation of phylogenetic trees; for RSV A, strains representing GA1-7 and SAA1 [13, 16, 33] and, for RSV B, strains representing GB1-4, SAB1-3, and BA [13, 16, 17, 33] were included. The robustness of the tree branching patterns was tested by bootstrapping with 1000 iterations. The Kilifi sequences that clustered with known genotypes on a major branch with a bootstrap support value of ≥70 were considered to be of the same genotype.
Statistical Analysis
Proportions were compared using Fisher's exact test. Association between heterologous reinfecting group and severe disease (all pneumonia syndromes) was tested by logistic regression. Age group (0-11 months, 12-23 months, and ≥24 months) was assessed as a potential confounder for RSV disease severity with use of the likelihood ratio test. Analyses were performed using Stata, version 11 (StataCorp).
GenBank Accession Numbers
The accession numbers for the nucleotide sequences determined in this study are JQ838257-JQ838584. The strain nomenclature is Country (Ken for Kenya)/unique identifier/ month identified/year identified.
RESULTS
Specimen Sequencing
Over the entire study period (2002) (2003) (2004) (2005) , 409 infections were identified by antigen testing on the collected nasal specimens during ARI episodes [26] . Of these, 325 (79.4%) were characterized as either group A or B and their G-gene sequenced (Table 1) . Forty-two of the specimens were already depleted (10.3%), and another 42 gave a negative PCR result and, thus, could not be characterized. Only 53 (63.8%) of the IFATidentified 83 reinfections gave complete group and G-gene sequence data. These came from 52 children, 51 of whom had 2 infections and 1 with 3 infections.
Group and Genotype Prevalence and Circulation Patterns
The monthly number of RSV A and B cases that were observed over the entire study period is shown in Figure 1 . Four epidemic seasons were observed. Groups A and B varied in predominance in succeeding epidemics, resulting in a pattern of A, A/B, A/B, and B.
We analyzed a G-gene fragment that was 618 nucleotides long (corresponding to nucleotides 295-912 in reference strain A2, accession number M11486) for all 162 group A positives, of which only 61 were of unique sequence. Phylogenetic analysis revealed that these sequences fell into 2 major clusters: one close to the GA2 genotype and the other close to the GA5 genotype (Supplementary Figure 1) . GA5 positives were observed during all the 4 epidemics, Table 1 . Identical GA5s in the analyzed region were frequently found both during and between epidemics (Supplementary Figure 1) . GA2 sequences were identified only during the first and last epidemics of the study period, Table 1 . Sequences analyzed from group B positive samples (n = 163) were variable in length (either 660 or 720 nucleotides long, corresponding to nucleotides 256-915 in reference strain CH18537, accession number M17213). The variation was a result of some viruses containing a deletion of 6 nucleotides in the first hypervariable region of the G-gene together with a duplication of 60 nucleotides in the second hypervariable region. Of the 163 nucleotide sequences, 71 were unique, and phylogenetic analysis revealed that these were of 2 major types: one close to the SAB1 genotype and the other close to the BA genotype (Supplementary Figure 2) . The BA-like strains had the 60-nucleotide duplication in their G-gene similar to the duplication that was first observed in Argentinean RSV B strains in 1999 [34] . The SAB1-like strains occurred in all 4 epidemics, and the BA genotype occurred in only the 2002-2003 and 2004-2005 epidemics and were the predominant RSV genotype in the latter epidemic (Table 1) .
Reinfection Patterns
The details of age at first infection, age at reinfection, RSV group, and genotype of all infections identified among the 52 reinfected children are given in Figure 1 . Among the reinfection pairs, 28 were heterologous at the group level (18 A-B; 10 B-A) and the remaining 25 were homologous (12 A-A; 13 Figure 1 . The time course of 53 RSV infections in the 52 children who had repeat infection. The different subplots represent the group reinfection patterns observed. In the subplots, the dotted portions of the black horizontal straight lines represent the time from birth to the first positive sample of a reinfected participant. Each symbol between the continuous portions of the horizontal line represents a positive sample for which genotyping was completed: empty red circle, GA2; a red x symbol, GA5; empty blue triangle, SAB1 and filled blue square, BA. The continuous red curve and the dotted blue curve represent the monthly trends in the number of RSV A and RSV B cases detected, respectively, in the whole cohort, shown by the secondary y-axis.
B-B)
. The mean interval between the infection and reinfection was 365 days (range, 21-699 days). Seven of the reinfections occurred during the same epidemic as the first infection, 37 occurred in consecutive epidemics, and 11 occurred in nonconsecutive epidemics. All 7 reinfections that occurred in the same epidemic as the first infection were of homologous group A, and 6 of these had either identical or near-identical G-gene sequences (Table 2) .
Heterologous Group Reinfections
Twenty-eight (52.8%) of the reinfections that we characterized were heterologous at group level. All occurred between epidemics (23 in consecutive epidemics, 5 in nonconsecutive epidemics), and the observed genotype patterns were 10 GA5-BA, 8 GA5-SAB1, 9 SAB1-GA5, and 1 BA-GA5.
Homologous Group A Reinfections
The evolutionary relationship of the pair viruses from homologous group A reinfections is shown in Figure 2 . Four children were reinfected with a heterologous genotype in group A, one of them during the same epidemic (Ken/3919). Two children (Ken/4123 and Ken/3793) were infected and reinfected with the same genotype as in primary infection but in separate epidemics. The reinfecting virus of Ken/4123 had 2 nonsynonymous mutations relative to the primary infecting virus: T113A and N250S. The latter change is predicted to result in a loss of a potential N-glycosylation site (NST→SST). The viruses from Ken/3793 were identical at amino acid sequence level but with the presence of the 4 nucleotide changes.
The remaining 6 children (Ken/5184, Ken/5241, Ken/5431, Ken/3819, Ken/3911, and Ken/3886) were found to be infected and reinfected with viruses of the same genotype in group A in a single epidemic (Figure 1 ). In these children, the interval between the 2 identified positive samples was 21-56 days (Table 2 ). For patients Ken/5241 and Ken/3886, the pairs possessed single nucleotide mutations that resulted in amino acid changes L248V and T147I, respectively. However, the pairs from the other 4 children gave identical nucleotide sequences.
Homologous Group B Reinfections
The phylogenetic relationship of the G-gene sequences from the children with homologous group B reinfection is shown in Figure 3 . The sequences fell into 2 clusters: one that included virus strains that have the 60-nucleotide duplication (BA genotype) and another of virus strains that lack the duplication (SAB1 genotype). Eleven children with an initial infection with SAB1 genotype virus strains were reinfected with BA genotype virus strains during a subsequent epidemic. Two children (Ken/3757 and Ken/3912) were infected and reinfected in consecutive epidemics with SAB1 genotype virus strains that had amino acid changes. In these 2, the reinfecting strain from Ken/3757 possessed 2 nonsynonymous changes (N66H and S297L), and in Ken/3912, the reinfecting strain possessed 11 nonsynonymous changes occurring together with a mutation at a stop codon site that resulted in a changed predicted protein length (Table 2) .
To establish whether there were changes elsewhere in the RSV genome that would have contributed to the occurrence of homologous genotype reinfections, we sequenced a portion of the F protein gene, 310 amino acids long (from position 22, 54% of the total F length), for 4 of the homologous genotype reinfections (2 from each group) (Supplementary Figure 1) . We found 100% nucleotide identity in this region between the reinfecting pairs.
Infection History Versus Genotype Prevalence
The distribution of the reinfection genotypes among the reinfected individuals mirrored the genotype prevalence among the children for whom we identified only a single infection during the whole study period. 
Clinical Severity of Reinfections
Among the 53 reinfections, 36 (67.9%) were associated with upper respiratory tract infection, 11 (20.8%) with mild pneumonia, and 6 (11.3%) with severe pneumonia. Pneumonia occurred in 6 (24%) of 25 homologous group reinfections and 11 (39.3%) of 28 heterologous group infections. There was no statistically significant association between heterologous group reinfection and pneumonia (odds ratio, 2.05; 95% confidence interval, .623-6.74). Age was not a significant confounder (likelihood ratio test, χ 2 = 3.10; P = .213).
DISCUSSION
The study presents results on RSV molecular epidemiology in a birth cohort of 635 children closely monitored over 4 RSV epidemic seasons to identify patterns of infection in relation to previous exposure. Previously, a number of population-level studies have observed that the RSV groups that predominate epidemics regularly oscillate [9, 20, 35] , whereas the predominant genotypes are often replaced in consecutive seasons [13, 14, 36] . These observations have led to the hypothesis that Figure 3 . A maximum likelihood tree showing the evolutionary relationship of strains from subjects who experienced homologous group B reinfections. The tree is based on sequences from 11 subjects and reference sequences representing genotypes GB1-4, SAB1-3 and the BA. Their GenBank accession numbers are CH10b, AF065250; CH93-9B,AF065251; CH93-53B, AF065253; BE/400/91, AY751275; BE/12252/96, AY751241; BE/1054/98, DQ985156; Uru/41605; AF251557; and Arg//3997/1999, DQ227366. The empty triangles represent first infections, and the dark, filled triangles represent the second infections.
RSV groups/genotypes create homologous herd immunity after an epidemic, favoring heterologous variants to circulate in a subsequent season [9, 21, 22] . This study investigated whether individuals previously infected with a particular RSV variant are more likely to be reinfected with a heterologous than with a homologous variant, despite the prevailing group or genotype prevalence. We characterized 53 repeat infections from an intensively monitored cohort and determined that 28 of these were of the heterologous group and 25 were of the homologous group. Among the homologous group reinfections, only 10 were with a homologous genotype, 5 of which showed limited amino acid changes in the fragment of the G-gene that we sequenced.
Therefore, overall, 80% of the reinfections that we characterized from the cohort were heterologous at group or genotype level. To understand the epidemiological context in which these reinfections occurred, we genotyped virus strains from children in whom we identified only one antigen-confirmed infection during the study period. Comparing this sample of background circulating variants with the reinfecting variants by epidemic, we found no difference in the genotype distributions (Table 3 ). This observation raises the question of whether the observed heterologous group/genotype reinfections were influenced by the children's previous exposures or reflected the prevailing distribution of genotypes in the community.
After examining the reinfections patterns by epidemic, the hypothesis of stronger homologous group immunity, compared with heterologous group immunity, was supported by data from the 2004 epidemic but not from the 2004-2005 epidemic (Table 4 ). Of note, the 2004-2005 epidemic was the first epidemic in Kilifi that was predominated by the newly recognized group B genotype virus strains (BA) that possess a 60-nucleotide duplication in the G-gene and that have replaced previously circulating group B strains worldwide [37] . Paradoxically, immunological studies in our laboratory that focused on strain-specific immunity found that infant convalescent serum samples from children infected with the SAB1 strains neutralize to the same level as the strains with the 60-nucleotide duplication [44] .
Ten (∼20%) of 53 of the reinfections that we observed were due to a homologous genotype. Five of these possessed amino acid sequences differences between the pairs, which were few in number (<3), except for one that had 12 amino acid changes. The immunological significance of such limited sequence differences is uncertain, particularly in understanding whether this contributed to the reinfection process. However, some of the substitutions occurred in known antigenic epitope domains. For instance, changes affecting N-glycosylation pattern (Ken/4123) and protein length (Ken 3912) are both known to have a profound effect on antigenicity [38, 39] . However, in animal immunization studies, Sullender et al showed that recombinant G proteins that are up to 15% different in amino acid sequence give similar protection against homologous and heterologous isolates in intra-group challenge [25] . This observation of homologous group or genotype reinfection raises the question of the completeness and durability of RSV strain-specific immune responses [4] . The interval between the infections for the group B homologous genotype reinfections (Ken/3757 and Ken/3912) exceeded a year. Using data derived from this cohort, we have recently shown that, after infection, immunity to reinfection appears to last up to 6 months and is only 60%-70% effective [40] . Thus, it is possible that previous-exposure immune responses in some of these children waned to below protective levels. There was also a significant interval between the infections in Ken/4123 (21.7 months) and Ken/3793 (9.4 months) homologous genotype group A reinfections. Individual Ken/3793 provided a clear example of a reinfection with an identical virus in the G-gene occurring in a subsequent epidemic.
For the repeat positive samples of the same group (A) and genotype, separated by a short interval (<2 months; some, 21-24 days) and with limited or no genetic differences, it was not possible to be definitive on whether these were reinfections or persistent single infections. Although we did not determine whole genome sequences, the portion that we sequenced is the most variable in RSV genomes and the protein product of the G-gene is of most immunological significance together with the F protein. Partial sequencing of the F gene for some of these pairs did not find any differences (Supplementary Figure 3) . Previous studies have shown that the mean duration of RSV shedding in infants and young children is 7 days (range, 1-21 days; reviewed in [41] ), and prolonged shedding occurs mostly in individuals with impaired immunity [42] or cardiopulmonary disease [43] . Our examination of the records on the baseline characteristics of these children did not find presence of a predisposing condition to prolonged shedding, such as very low birth weight, malnutrition, or congenital disease.
With regard to disease severity, pneumonia occurred in 32% of the reinfections. We did not observe a statistically significant higher risk of pneumonia after heterologous group reinfection, compared with homologous group reinfection.
The sampling and testing methods of the present study undoubtedly missed some infections and reinfections in the cohort, thus presenting a possible bias [40] . Ideally, sampling should have been more frequent, irrespective of symptoms, to capture possible subclinical cases, and screening could have been done using the more sensitive molecular methods. Although our study presents data from a considerably increased sample size, compared with previous studies on RSV reinfection, the observed numbers in the individual epidemics were insufficient for conclusive interpretation.
In conclusion, our study shows that the vast majority of RSV reinfections in nature are with genetically distinct strains and that repeat infections with variants identical in the amino acid sequence of the G protein to the primary infecting variant can occur. The direct role of strain-specific immunity at individual level in reinfections remains unclear, because we observed that the distribution of the genotypes in the reinfection cases mirrored the distribution of genotypes observed at the same time in the wider study population.
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